Abstract Thymectomy is performed routinely in infants undergoing cardiothoracic surgery. Children post-sternotomy have decreased numbers of T lymphocytes, although the mechanisms involved and long-term consequences of this have not been defined. We hypothesized that lymphopenia in patients with adult congenital heart disease (ACHD) would be reflective of premature T cell maturation and exhaustion. Adults with ACHD who had sternotomy to repair congenital heart disease as infants (\1 year) and age-matched ACHD patients without prior sternotomy were studied using polychromatic flow cytometry interrogating markers of lymphocyte maturation, exhaustion and senescence. Group differences were analyzed using Mann-Whitney U and Fisher's exact tests.
Introduction
The thymus is the major site of production for T cells in infants and plays an important role in immune education [13] . This large gland obscures the cardiothoracic operative field in infants and is routinely removed and destroyed at the time of sternotomy to enable repair of congenital heart disease. The consequences of thymic destruction in infants requiring sternotomy are not well defined [1] . Prior limited work examining immune function in children who required sternotomy as infants suggests alterations in T cell populations and response to antigen, though not to a level that has been associated with immune dysfunction over a short period of follow-up [3, 14] .
In the absence of thymopoiesis, T cell homeostasis is maintained through peripheral activation and division [15] . The consequences of this manifest as advanced T cell maturation specifically increased terminal differentiation, progressive activation-induced cell death and eventual loss of repertoire diversity [4] . As the thymus undergoes normal atrophy with age, this immune phenotype has been shown to be related to age-induced immune dysfunction in the general population and has been linked to a number of clinical concerns including increased susceptibility to viral infections and reactivations, higher rates of autoimmunity and reduced immune surveillance of cancer [5, 10] . The process of peripheral T cell homeostasis is gradual and unfolds over years [2] .
With the majority of children with congenital heart disease now surviving into adulthood [8] , it is reasonable to anticipate that the consequences of thymectomy are only now becoming perceptible, and long-term immune function could be of concern. We therefore have studied adult congenital heart disease (ACHD) patients who have had their thymus removed as infants to examine immunologic differences that could be reflective of the consequences of progressive, extrathymic T cell homeostasis compared to a control population who never required sternotomy.
Materials and Methods
A prospective, case-control study was performed. ACHD patients greater than 18 years were recruited who had required a sternotomy at less than 1 year of age to repair congenital heart disease (CHD). Data regarding CHD and surgical history were collected by chart review. Although operative notes were not consistently available for all subjects, institutional practice was complete thymus removal at the time of sternotomy to enable visualization and cannulation of the heart for repair. Control ACHD patients who had never required sternotomy, but were followed in ACHD clinic, were recruited and matched for age. Gender and race demographics were also collected. All patients signed informed consent, and approval was obtained by the IRB at Emory University prior to commencement of the study.
Exclusion criteria included patients with known or suspected DiGeorge syndrome (22q11 deletion). This included ACHD patients with conotruncal lesions typically associated with DiGeorge (e.g., tetralogy of Fallot, truncus arteriosus, interrupted aortic arch) unless there was genetic testing documenting a normal result. Other exclusionary criteria are related to conditions with possible effects on immune function and included current pregnancy, serious infection requiring hospitalization or medication within the prior 3 months, or NYHA class III-IV.
Peripheral blood was collected in Cyto-Chex BCT tubes (Streck, Omaha, NE) and analyzed using polychromatic flow cytometry as previously described [9] . Briefly, flow cytometry was performed to assess T cell sub-type including CD3
? (all T cells), CD3 ? CD4 ? (helper T cells), CD3
? CD8 ? (cytotoxic T cells) and determinants of T cell maturation status including naive (CD45RA?/CCR7?), central memory (CD45RA-/CCR7?), effective memory (CD45RA-/CCR7-) and T effector memory cells expressing CD45? RA (TEMRA) lymphocytes (CD45RA?/ CCR7) [11] . In addition, we assessed markers typically associated with lymphocyte exhaustion and senescence in the CD8 subset: PD1? for exhaustion, CD57? for senescence, CD27-and CD28-for senescence [12, 16] .
Differences in demographic and immunologic variables between ACHD patients with and without infant sternotomy were analyzed using Mann-Whitney U and Fisher's exact tests. A one-way multivariate analysis of variance (MANOVA) was used to determine differences between the groups with and without sternotomy on all four cell types (naive, central memory, effective memory and TEMRA) and both CD8 and CD4 types, simultaneously. All data were analyzed using SPSS v.20. An alpha level of 0.05 was considered statistically significant.
Results
A total of 18 patients were recruited, including 10 who underwent CHD surgery requiring sternotomy at a median age of 52.2 days (range 1-330 days). The baseline data for the two groups are presented in Table 1 . The groups were well matched for age, gender and race.
Diagnoses for the two groups of patients are listed in Table 2 . Although there was no way to match diagnoses, in both groups there was a mix of simple, moderate and complex lesions. One patient in the study group underwent CHD surgery prior to sternotomy (shunt), and four of the patients had further cardiac surgical interventions after initial sternotomy. Six of the eight patients in the control group 33.9 %, U = 13.0, p = 0.016, r = -.57). Accordingly, the percentage of CD4? T cells was reciprocally higher in sternotomy versus controls (65.5 vs. 59.6 %, U = 15.0, p = 0.027, r = -.52). This was reflected in a significant difference between the mean CD4 to CD8 ratio of the cell types: 2.8 in cases versus 1.8 in controls (U = 11.0, p = 0.009, r = -.61.)
Mean percentage of CD4 and CD8 T cell subtypes, including naive, central memory, effector memory and TEMRA cells is depicted (Fig. 1a, b) . Naive CD8 T cells were lower in sternotomy subjects as compared to controls (31 vs. 53.6 %, U = 15.0, p = 0.027, r = -.52), with a concomitant increase in cells expressing markers of advanced differentiation. Percentage of naive CD4 T cells was less than controls, though this difference did not reach statistical significance (25.4 vs. 36.3 %, U = 26.0, p = 0.24). In general, the sternotomy group tended to skew toward mature cell types, though only the percentage of naive CD8 cell type was significant.
We used one-way multivariate analysis of variance to examine differences between cell types for both CD4 and CD8. For CD4 cell types, no differences were found between persons with and without a sternotomy on all four simultaneously [F(290) = 0.89, p = 0.50, Wilks' k = 0.27]. However, for CD8 cell types, a trending difference was found between persons with and without a sternotomy on all four simultaneously [F(1823) = 2.75, p = 0.07, Wilks'
Finally, we measured known markers of cellular immune senescence. PD1, an inhibitory receptor expressed on T cells following activation or antigen experience and typically considered as a sign of T cell exhaustion, was elevated as compared to controls and trended toward significance (25.6 vs. 19 %, U = 20.0, p = 0.08, r = -.42). Overall, markers of senescence on CD8 T cells tended to be higher in the sternotomy group, but these differences were not significant (Fig. 2) .
Discussion
Congenital heart surgery has undergone revolutionary advancement over the past several decades, with long-term survival becoming increasingly commonplace [8] . While early congenital defect repair was focused on short-term technical success, the modern congenital heart surgeon has the luxury and responsibility to consider the consequences of the operative approach, with the expectation that their patients will live into adulthood. While it is clear that thymectomy improves the operative approach and has few immediate immune effects, cognizance of the more protracted consequences of this maneuver is now relevant.
In this pilot study, we examined the T cell repertoire of adults who had undergone sternotomy as infants, paying particular attention to phenotypic changes known to be associated with thymic atrophy and peripheral T cell homeostatic activation. We note significant differences in the T cell repertoire as compared to age-and gendermatched controls with heart disease. To our knowledge, this is the first study to examine such differences in an adult population of patients with CHD. They are perhaps a bellwether of emerging chronic immune consequences of routine thymectomy that warrant examination as CHD survivors grow more commonplace.
It is known that T cells perform essential activities both in mediating host defense and in establishing a regulatory process to avoid autoimmunity [5, 7, 10] . With age, a breakdown in these functions has been clearly related to decreased thymic function and manifest as increased reactivation of latent herpes viruses (e.g., zoster) and progressive risk of T cell-mediated autoimmunity. CD8-positive T cells, in particular, have less intrinsic regenerative capacity, and through their continuous deployment to kill host, cells infected with pathogens are more susceptible to the consequences of a limited source of new thymic emigrants.
The concept of immune aging in elderly patients is well established [5, 7] . The most noticeable age associated changes in T cell immunity are decreased numbers of naive T cells and increased numbers of memory T cells [7] . Indeed, naive T cells are thought to have the most robust lymphoproliferative capacity, and their abundance is seen as a marker of a ''young'' immune system. Numerous other immune alterations have been reported, including changes in T cell proliferation, cytokine production, memory response and cytotoxicity [7] .
As early as 1987, Brearley et al. [1] examined 18 children aged 9 months-3 years who underwent young sternotomy at less than 3 months. Thymectomized children had lower numbers of T cells and T cell sub-types as compared to controls, in addition to decreased response to antigen assays. Although the levels did not seem to reach clinical significance, they concluded ''routine thymectomy in pediatric cardiac surgery should be avoided.' ' Wells and colleagues looked at 25 patients who had neonatal surgery requiring sternotomy at less than 30 days [14] . After 1 year, patients showed a significantly decreased percentage of all T lymphocytes and specifically CD4 cell types, although of interest there were no differences in CD8 T cells. The results did not approach the critical levels thought to be important in immunodeficiency. In a follow-up study examining children with an average age of 10 years who had thymectomy at a mean age of 2.6 months, another study similarly found lower counts of total T lymphocytes, and specifically CD4 T lymphocytes, in the sternotomy group [3] . Neither of these studies focused on the different subtypes of T lymphocytes, including naive or memory populations, or markers of immune exhaustion or senescence.
Our population of ACHD patients, whose mean age was 28.9 years, demonstrated differences in the T cell repertoire as compared to age-and gender-matched controls with CHD but without thymectomy. Sternotomy patients tended to have lower levels of naive T cells and more memory cells, consistent with a known immunologic aging phenotype. These patients also tended to have increased evidence of T lymphocyte exhaustion but not senescence, Fig. 2 Differences between sternotomy and control group for known markers of lymphocyte exhaustion and senescence in the CD8 subset: PD1? for exhaustion, CD57? for senescence, CD27-and CD28-for senescence suggesting that age per se was not an issue so much as hyper-utility in the absence of thymic-derived repopulation.
Although these differences are preliminary, the concept of immune aging post-sternotomy is biologically plausible and fits with prior work [6] . Indeed, if any group was at risk of immune dysfunction post-infant sternotomy, logically it would seem to be an adult population. It is well known that the thymus gland is the major site of production for T cells. Immature cells must undergo a complicated selection process of defining optimal affinity for major histocompatibility (MHC) while preventing recognition of self. Some of this selection happens in the prenatal period, but the process is thought to continue well after birth. Indeed, in many infants, the thymus at the time of CHD surgery is quite large (Fig. 3) .
At most cardiac centers, the standard surgical approach is complete removal of the thymus at the time of infant sternotomy, which is either sent to the pathology laboratory or destroyed. Removal enables complete visualization of the surgical field and cannulation of the heart for bypass. It is possible that age at surgery could have important differences. For this study, we considered all patients who had been thymectomized less than 1 year, but a 3-day-old patient undergoing arterial switch operation may be quite different from an immune perspective than an 11-monthold who requires surgical aortic valvuloplasty.
There are a number of potential implications for the population of ACHD patients. Recent preliminary data have suggested an increased prevalence of cancer in ACHD patients as compared to the general population (personal communication, Dr. Michelle Gurvitz). While this is preliminary and almost certainly multifactorial (e.g., radiation exposure, genetic predisposition, etc.), the role of T cell function should not be discounted. ACHD patients are at risk of a variety of infections and auto-immune disease, although this has not been shown to be elevated as compared to controls. T cells might play a role in allergic response or rejection after transplant. Clearly, although the differences described in this manuscript do not equate to clinical effects, the concept merits further thought and research.
Limitations
This study has a number of limitations. This is a pilot study, and as such, the numbers in each group are small, making the statistical power less. Thymectomy at the time of sternotomy is assumed as we did not have access to all original surgical reports, and some reports did not include details regarding the fate of the thymus, although thymectomy was the standard surgical practice at our institution. Although we compared percentages of different cell types and makers, we did not have data on actual cell numbers. This study did not include a functional component such as response to a given antigen.
In summary, ACHD patients with infant sternotomy show differences in T cell repertoire. Compared to agematched controls, they have less naive T cells and some signs of increased immune aging that are consistent with an elderly population of patients. Whether this is clinically significant remains unknown. Further research is needed to determine the long-term clinical significance.
